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Electrical transport through carbon nanotube junctions created by mechanical
manipulation
Henk W.Ch. Postma, Mark de Jonge, Zhen Yao, and Cees Dekker
Department of Applied Physics and DIMES, Delft University of Technology, Lorentzweg 1, 2628 CJ Delft, The Netherlands
Using an atomic force microscope we have created nanotube junctions such as buckles and crossings
within individual single-wall metallic carbon nanotubes connected to metallic electrodes. The elec-
tronic transport properties of these manipulated structures show that they form electronic tunnel
junctions. The conductance shows power-law behavior as a function of bias voltage and tempera-
ture, which can be well modeled by a Luttinger liquid model for tunneling between two nanotube
segments separated by the manipulated junction.
PACS numbers: 73.61.Wp, 73.23.-b, 73.50.-h
Molecular electronics has taken a large step forward
since the discovery of carbon-nanotube metallic and
semiconducting molecular wires1. Various nanotube de-
vices have been found to behave as conventional elec-
tronic components. For instance, individual semicon-
ducting nanotubes function as field-effect transistors at
room temperature2, while metallic nanotubes are single-
electron transistors at low temperature3,4. More recently,
it was found that intramolecular metal-semiconductor
kink junctions can act as rectifying diodes at room
temperature5. Unlike conventional solid-state devices,
however, nanotubes are molecules. Conformational
changes can therefore be expected to strongly affect the
electronic properties of nanotubes, opening up a route
towards nanoscale electro-mechanical devices (NEMs).
Indeed, theoretical work has indicated that local defor-
mations such as twists and buckles may induce strong
barriers for electron transport6–8. While some transport
experiments have been conducted on carbon nanotube
junctions which occur naturally5,9,10 and on defects due
to locally applied strain11, a focussed study with control
over the geometry and configuration of the junction is
lacking.
Here, we report electron transport measurements on
molecular junctions that have been fabricated in a con-
trolled manner from straight undeformed nanotubes by
manipulation with an atomic force microscope (AFM).
We have fabricated nanotube buckles and crossings and
characterized their electron transport properties. We find
that these mechanically manipulated structures act as
tunnel junctions with a conductance that show power-
law dependences on both bias voltage and temperature.
For various sample layouts we obtain a wide range of
power-law exponents, from 0.25 to 1.4. We show that
this variety can be understood within one consistent Lut-
tinger model.
Single-wall carbon nanotubes were produced by the
group of R.E. Smalley at Rice University, USA. A small
amount of this raw material is ultrasonically dispersed
and spin coated on top of a SiO2/Si-substrate contain-
ing a large array of predefined Pt electrodes. These
electrodes are fabricated using a double layer poly-
methylmethacrylate/metacrylic acid (PMMA/MAA) re-
sist, electron beam lithography, reactive ion etching, Pt
evaporation and lift-off. The resulting electrodes are em-
bedded in the SiO2 substrate such that the height differ-
ence between the electrodes and substrate is less than 1
nm. Nanoscale tunnel junctions are then created within
individual carbon nanotubes by use of the AFM. Con-
ductance measurements are performed using a standard
ac-lockin technique.
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FIG. 1. Formation of carbon nanotube nanojunctions by
AFM manipulation. Between the images in a and b, an ini-
tially straight nanotube has been dragged to the bottom by
the AFM tip, resulting in a sharp 105◦ buckle. Image c and
d show the manipulation of a nanotube crossing from an ini-
tially straight nanotube. The nanotube ends are extending
110 (left) and 130 nm (right) beyond the crossing point. The
difference in apparent width of the nanotubes in these images
is due to variation in the AFM tip radius which is different
for different tips, and which moreover can change in the ma-
nipulation process.
Figure 1 presents two examples of nanojunctions that
were fabricated with an AFM from individual metallic
carbon nanotubes. In the fabrication procedure, the tip
of the AFM is used to change the lateral position of a
nanotube lying on top of metallic electrodes. First, a
nanotube is identified by scanning the tip over the sam-
ple in tapping-mode AFM. Then, the tip is pressed onto
the surface and moved along a predefined path across the
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nanotube. In this manner, the position and shape of nan-
otubes can be controlled with a high degree of accuracy12.
In Fig. 1a we show the initial configuration of a straight
nanotube lying across four electrodes. In order to bend
the tube between the middle two electrodes, the nan-
otube has been dragged across the surface in a direction
perpendicular to its length. During this dragging ac-
tion, the nanotube has slided along its length across the
electrodes. The sharp bend that results from the AFM
manipulation has an angle of 105◦ (see Fig.1b, and also
inset to Fig. 2). This is well above the critical value of
about 60◦ needed to form a so-called ‘buckle’13, where a
strongly bent nanotube releases strain by locally collaps-
ing the cylindrical shell structure into a flattened tube
structure. Accordingly, a small height increase is found
at the bending point. Another example of a manipulated
nanojunction is shown in Fig. 1c,d. In this case, the
dragging action of the AFM has broken the nanotube.
Subsequently, the two broken ends of this nanotube have
been pushed back together into a configuration where
they cross each other. The resulting nanotube ends ex-
tend about 100 nm beyond the crossing point.
Multi-terminal contacting of the nanotube allows one
to separately measure the contact conductance (from
two- and three-terminal measurements) and the intrin-
sic conductance of the manipulated tube (from a four-
terminal measurement). The buckled nanotube sample
in Fig. 1b has contacts with a low contact conductance,
i.e., only 65 nS at room temperature. The intrinsic buckle
conductance appears to be about 1 µS at room temper-
ature. This is much lower than the four-terminal con-
ductance value of order 100 µS that we typically find for
non-manipulated straight nanotubes in a similar layout.
The effect of the buckle on the electron transport is thus
quite dramatic. The buckle conductance is also much
lower than the quantum conductance unit of 4e2/h = 154
µS, which indicates that the buckle acts as a tunnel bar-
rier.
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FIG. 2. Conductance of a nanotube buckle as a func-
tion of temperature in a four- and two-terminal measure-
ment. The straight solid lines on this log-log plot indicate
the power-law behavior G ∝ Tα, with the exponent α as de-
noted. Below 120 K, Coulomb blockade sets in which further
suppresses the conductance at low temperatures. The inset
shows a 300×300 nm2 AFM phase image of the nanotube
buckle. The four-terminal measurement reveals the intrinsic
buckle conductance, whereas the two-terminal conductance is
limited by the contact conductance.
In Fig.2 the conductance G of the buckled segment
is plotted versus absolute temperature T on a double-
logarithmic scale for both the two- and four-terminal con-
figuration. At high temperatures the data can be fitted
with a power-law function G ∝ Tα (solid lines). Be-
low 120 K, Coulomb blockade sets in which further sup-
presses the conductance. The power-law exponent α is
found to be very different, α = 0.26 versus 1.4, for the
two- and four-terminal measurements respectively. The
intrinsic buckle conductance (four-terminal data) thus
appears to be much more strongly temperature depen-
dent than the contact conductance (two-terminal data).
We can understand these findings on the basis of a Lut-
tinger liquid model. The Luttinger model14,15 has been
employed to explain recent transport experiments on
metallic carbon nanotubes16,5. In this model, electron-
electron correlations combined with the one-dimensional
nature of nanotubes lead to a power-law suppression
of the tunneling conductance as a function of energy,
dI/dV ∝ Eα. Here E is the maximum of the ther-
mal or voltage energy scale, i.e. kBT or eV respec-
tively, with kB Boltzmann’s constant and e the electron
charge. At low bias voltages V ≪ kBT/e this leads to
a power-law behavior of the conductance as a function
of T , i.e., G ∝ Tα. At high voltages V ≫ kBT/e,
however, it yields a power-law dependence on voltage,
dI/dV ∝ V α. The exponent α depends on the strength
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of the electron-electron interactions which is character-
ized by the Luttinger interaction parameter g.14–16 For
repulsive interactions, g ranges from 0 (very strong inter-
actions) to 1 (no interactions). Estimates of g for carbon
nanotubes are in the range of 0.2 – 0.3.14–16 The expo-
nent α also depends on the position of tunneling. When
electrons are added to the end of the nanotube, the ex-
cess electron charge can spread away in one direction only
and the tunnel conductance is suppressed strongly with
an exponent αend = (1/g − 1)/4. Tunneling into the
bulk of the nanotube is more weakly suppressed, with
αbulk = (1/g + g − 2)/8, because the excess charge can
now spread in both directions away from the contact.
The conductance of the buckle is suppressed with a
power-law exponent α = 1.4 (Fig. 2). If the buckle
acts as a tunnel barrier, transport across the buckle
takes place by tunneling of electrons from the end of
one nanotube segment to the end of the other segment.
This end-to-end tunneling is associated with an expo-
nent twice as large as tunneling into a single end, i.e.,
αend−end = 2αend = (1/g− 1)/2. Solving αend−end = 1.4
yields a Luttinger interaction parameter value g = 0.26.
In the two-terminal configuration, however, the contacts
limit the conductance and one thus probes bulk tunnel-
ing from the contacts to the nanotube. Here we find
αbulk = 0.26, from which we obtain the same Luttinger
parameter value g = 0.26. It is gratifying that these ex-
ponents which are differing by a factor 6, can be recon-
ciled by this single parameter g. The value of g = 0.26 is
also well in agreement with theoretical estimates14,15, re-
cent experiments in a different geometry5, and the value
of g = 0.29 ± 0.04 that we find for many samples with
straight non-manipulated nanotubes. We thus conclude
that the transport characteristics of this buckle are well
described by assuming that it acts as an artificially cre-
ated nanometer-size tunnel junction within an individual
nanotube.
We now discuss data for the nanotube-crossing sample
shown in Fig.1d. The conductance of the crossing reads
80 nS at room temperature17. Again this value is much
lower than the conductance quantum indicating that the
crossing also acts as a tunnel junction. The conductance
again decreases as a power-law upon lowering the temper-
ature, with α = 0.50 (not shown). For this sample, the
Coulomb blockade effect further suppresses the conduc-
tance below 70 K. The bias dependence of the differential
conductance at several temperatures is shown in Fig. 3.
At all temperatures, the data show the same behavior:
At low applied bias, dI/dV is constant at a level that
scales as a power law with temperature (α = 0.50). At
high bias voltage it crosses over to a power-law voltage
dependence, i.e., dI/dV ∝ V α with α = 0.48 (dashed
line). The dependence of the differential conductance on
both energy scales eV and kBT is emphasized in Fig.
3b, where the differential conductance is scaled by Tα
and plotted versus eV/kBT . As expected, all the data
obtained at different temperatures and bias voltages col-
lapse onto a single curve, which is well described by the
theoretically expected form (dashed line)18. The expo-
nent α that has been used to scale these curves onto each
other is 0.50. Transport between crossing nanotubes was
studied recently, but only in the low-bias regime, where
this power-law behavior was not observed10.
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FIG. 3. Differential conductance of a manipulated nan-
otube crossing as a function of applied bias voltage for several
temperatures. For this sample, the Coulomb blockade effect
suppresses the conductance below 70 K. At low bias volt-
ages, dI/dV (V ) is constant while it depends as a power-law
on temperature. At high voltages, the differential conduc-
tance crosses over to a power-law dependence on bias voltage
dI/dV ∝ V α, with α = 0.48 (dashed line). The inset of a
shows a 200×200 nm2 AFM amplitude image of the cross-
ing. Figure b presents a scaling plot, where dI/dV has been
scaled by Tα and is plotted versus eV/kBT for the crossing
segment and, for comparison, for a typical straight segment
of a nanotube.
The crossing junction thus yields a significantly differ-
ent value, α ≈ 0.50, than the buckle junction discussed
above. This can be understood as a direct consequence
of the particular crossing geometry. Unlike the case for
the nanotube buckle where the two tube ends meet, the
contact in the crossing is now from the bulk of one tube
to the bulk of the other. The electron transport thus
takes place via bulk-to-bulk tunneling19 with an expo-
nent that is twice as large as that for regular bulk tun-
neling, i.e., αbulk−bulk = 2αbulk = (1/g + g − 2)/4. From
αbulk−bulk = 0.50 we find g = 0.27, which again is in
excellent agreement with the other results for g. The
bulk-to-bulk tunneling observed for the crossing can be
readily compared to the regular bulk-tunneling configura-
tion, which is done in Fig.3b, where the scaled differential
conductance is shown for a straight nanotube as well18.
In this case, the exponent is found to be α = 0.24, which
indeed is half the exponent observed for bulk-to-bulk tun-
neling. Molecular dynamics simulations have suggested
that crossing nanotubes can be both deformed by about
20% at the crossing point due to the van der Waals bind-
ing of the upper nanotube to the substrate away from
the crossing20. Apparently, this deformation, if present
at all, does not electronically break up the nanotubes,
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since our data indicate that intertube transport occurs
via bulk-to-bulk rather than through end-to-end or end-
to-bulk tunneling.
Recently, transport experiments were conducted on
metal-metal nanotube kink junctions formed by a
pentagon-heptagon defect pair located at the kink5 and
naturally occurring crossing junctions9,10. Whereas such
junctions are rare objects, the present work shows that
one can use an AFM to precisely define local junctions
at arbitrary positions along a nanotube. The transport
characteristics demonstrate that these local junctions sig-
nificantly alter the electronic transport properties of car-
bon nanotubes. A unifying description of single nan-
otubes, kinks, buckles, and crossings can be obtained
from the Luttinger liquid model. The manipulation tech-
nique shown here allows the fabrication of various inter-
esting new nanotube structures. For instance, double-
buckle structures can be envisioned which define a room-
temperature single-electron transistor21,22. More gener-
ally, we expect that electro-mechanical effects may find
their use in future nano-electronic devices.
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